Introduction
Brown hares Lepus europaeus (Pallas, 1778) from central Europe exhibit a moderate to somewhat elevated level of genetic variability, as compared to mammalian standards. The main portion of this variability is contained within local, rather than between geographical samples. No specific gene pools could be identified in 30 local samples from Austria, Poland and Hungary. Obviously, a fairly high level of gene flow among local populations results in a rather panmictic [i] network, with little genetic differentiation over quite long geographical distances (Hartl et al. 1989 (Hartl et al. , 1990 (Hartl et al. , 1994 .
The climate and vegetation of Europe during the last glaciation period (Lang 1994) suggest that brown hares were absent from most regions of Europe at that time. With the amelioration of the climate and the concomitant alteration of the late pleistocenic central European tundra vegetation into favourable habitats, brown hares likely started to colonize (recolonize?) central Europe from eastern and southeastern steppes and bushlands (and possibly also from southern Italy and southwestern Europe; cf eg Corbet 1986 ). On their way to central Europe they might have lost genetic variability (particularly in terms of numbers of alleles per locus), due to continued low effective population sizes of the invading and colonizing populations (cf eg, Nei et al. 1975, Hoffmann and Parsons 1997 ; see also Cwynar and MacDonald 1987 for lodgepole pine Pinus contorta in Western North America).
The present study focuses on the genetic variability contained in brown hare populations from Bulgaria. The southern and southeastern European refuge ranges of brown hares during the last glaciation period might have included this region. Genetic resources of brown hares might be richer in such a southeastern European source population maintained throughout the last glaciation period. This region was connected to Asia Minor by a landbridge during the late Pleistocene (eg, Lang 1994); hence, hares in this region might have received variant genes from Turkish populations. Gene flow may also have occurred (and still may occur) from Greece and from north and east of the Black sea. In fact, this southeastern European region can be considered as a zoogeographical crossroads, with a late pleistocenic connection to the particularly rich mammalian fauna of Asia Minor (cf, Cheylan 1991). The mammalian crossroad status of Southeast Europe is also indicated by the patterns of the present geographical distribution of several terrestrial mammalian species (eg, Microtus guentheri, M. majori, Apodemus mystacinus, Myomimus roachi, Cricetulus migratorius, Vormella peregusna, Canis aureus, cf Niethammer and Krapp 1978 , 1982 , Stubbe and Krapp 1993a . Increased genetic variability was detected in Bulgarian red deer Ceruus elaphus and roe deer Capreolus capreolus as compared to central European populations (Hartl and Markov 1993) . Alternatively, southwestern and southern European glacial refuges of brown hares cannot be entirely excluded. Perez-Suarez et al. (1994) found great intraspecific nucleotide divergence in the mtDNA of brown hares from northern Spain, which might indicate two different immigration waves of brown hares to the Iberian Peninsula.
Material and methods

Samples and enzyme assay
Kidney and liver tissue samples of 157 hares were obtained in the course of a research program on heavy metal contamination (Tataruch et al. 1996) from eight sampling localities (SL) in Bulgaria ( Fig. 1) . The hares were sexed by inspection of the internal reproductive organs and classified as young of the year or adults according to presence or absence of the lateral epiphysial protrusion of the ulna (cf, Suchentrunk et al. 1991) .
Thirty-one isozymes/ -systems encoded by 50 hypothetical structural gene loci (see Appendix) were assayed for allozymic variation by horizontal starch gel electrophoresis. The suite of loci studied is identical to the ones previously studied in Austrian brown hare populations , Suchentrunk 1993 , Hartl et al. 1994 , except for Dia-1 (E.C. 1.6.2.2, for the corresponding isozyme, Acy-1 (E.C., 3.5.1.14), Ada-2, Ada-3 (E.C., 3.5.4.4), which have not been screened in the current study. The ¡i-Gal locus was presently screened for allelic variability but excluded from further population genetic calculations because of the likelihood of occurrence of a null-allele, which could influence genotype frequencies .
Tissie preparation, electrophoresis and protein specific staining followed Grillitsch et al. (1992) . For resolving allelic variants direct side-by-side comparison of migrating allozymes was carried out including samples of the Austrian brown hares studied earlier on the same gels. For designation of alleles the nomenclature of was used. The genotypes at polymorphic loci weie determined in each specimen following the principles given in Rothe (1994) . However, genotypes could not be determined for the entire set of loci in several individuals due to bad resolution producing ambiguous interpretations.
Population genetic statistics
The BIOSYS-1 pc package, release 1.7 (Swofford and Selander 1989) was used to calculate allele frequencies, average heterozygosity {H 0 -observed, H e -expected), proportion of polymorphic loci (P, 99% criterion), mean number of alleles per locus based on all 49 loci (A), deviation of observed genotypes at polymorphic loci from Hardy-Weinberg expectations, F-statistics for estimation of geograpiical partitioning of genetic variability, Nei's (1978) unbiased genetic distances, modified Rogers' (cf Wright 1978) and Rogers' (1972) distances between all pairs of the eight Bulgarian SLs. To summarize genetic relationships in Bulgarian hares cluster analyses (UPGMA and Wagner algorithm, Farris 1972) were run, based on these distance matrices. All these calculations were carried out by including the enzyme data set produced in the same laboratory (see ) of 469 Austrian brown hares, but adopting it to the presently studied 49 loci (see Appendix). The Shannon-Weaver information index (H') based on allele frequencies was calculated for each sampling locality as an additonal estimator of genetic diversity, combining presence of alleles and associated frequencies (eg, Hedrick 1985 , Hartl et al. 1994 ). Wright's (1978) hierarchical F-statistics was employed to examine the influence of the two regions central Europe (= Austria) and southeastern Europe (= Bulgaria) on the degree of partitioning of genetic variability in relation to the much shorter geographical distances among SLs within each region.
Allele frequencies were tested for independence of age class (young of the year vs older animals) or sex by x 2 -tests. Association of genotypes between loci was tested for each pair of polymorphic loci by the likelihood ratio for contingency tables of genotypes to check for linkage disequilibrium; significance of likelihood ratios were based on sequential Bonferroni procedures to account for multiple testing (Rice 1989) . Bonferroni procedure was employed, whenever identical or partly dependent data sets were used in tests.
Variation of allele frequencies across the eight Bulgarian sampling localities (SL) were tested by G-tests, separately for each polymorphic locus. Variation of allele frequencies between the two regions southeastern (all Bulgarian SLs combined) and central Europe (all Austrian SLs combined) were tested by x 2 -tests and Fisher's exact tests for cross tables with cells less than five alleles, and aggregated alleles in case of more than two alleles per locus. SL-specific values of H a , H e , H', P, and A were tested for independence of sample size by Spearman rank correlations. Interrelationships between the diverse indices of SL-specific genetic variability were tested by one-tailed Spearman rank correlations. Average // 0 -values were tested for significant variation across the Bulgarian SLs by a one-way ANOVA, based on arcsine-transformed individual heterozygosity values, and was tested variation of P by a G-test. SL-specific H 0 -, H e -t P-, A-, and H -values were tested for variation between Bulgaria and Austria by Kruskal-Wallis tests.
Results
Polymorphism was revealed at 11 loci of Bulgarian brown hares. There was no age or sex influence on genotype frequencies at any locus. Also, there was no significant association of genotypes between any pair of loci, indicating absence of linkage disequilibrium. Allele frequencies of polymorphic loci are listed in Table 1 for each Bulgarian sampling locality (SL), together with the range of respective allele frequencies found in the 20 Austrian samples. SL-specific indicators of genetic variability (H a , H e , H', P, A) and significant deviation of genotypes from Hardy-Weinberg expectations are also given in Table 1 . Frequencies of alleles varied significantly across the eight (df = 7) Bulgarian SLs at the following loci:
Pep-2 {p < 0.025), Mpi (p < 0.025). The overall allele frequencies (combined for all SLs per region) differed significantly between southeastern (Bulgaria) and central Europe (Austria) at the following loci: Mor-2 (p = 0.04), Idh-2 (p < 0.0001), Pgd (p < 0.0001), Hk-2 (p < 0.0001), Es-1 (p < 0.0001), Mpi (p < 0.0001). None of the indices of SL-specific genetic variability did depend on sample size. Among the five indices of SL-specific genetic variability, a significant correlation was detected only Table 1 . Allele frequencies at polymorphic loci of Bulgarian brown hares Lepus europaeus from eight sampling localities (for acronyms see Fig. 1 ) and respective ranges of allele frequencies of 20 Austrian sampling localities (20A). Deviations of observed genotype frequencies from Hardy-Weinberg expectations are indicated for respective loci and sampling localities at the right-hand side of the "100" allele by the associated probability value C -p < 0.01, -p < 0.05; exact probability), n -number of individuals. H 0 -direct count heterozygosity, H e -expected heterozygosity, H' -Shannon-Weaver index of genetic diversity, P -rate of polymorphism (99% criterion), A -mean number of alleles per locus.
Locus Allele
Bulgarian brown hare sampling localities ^samples Table 2 . Significant differences of locus-specific expected heterozygosities between the SLs from Bulgaria and Austria (Table 3) were found only at two loci: Pgd (p = 0.0028), Mpi (p = 0.0001). are given in the right section of the table.
(1) (2) (3) (4) (5) (6) (7) The level of relative genetic differentiation (F ST values, Table 4 ) between the Bulgarian SLs was generally low, but nevertheless, many pairwise values differed significantly from zero, as inferred from comparisons of allele frequencies. Wright's (1978) hierarchical F-statistics (Table 5 ) revealed that partitioning of relative genetic variability over long geographic distances [southeastern Europe (= Bulgaria) vs central Europe (= Austria)! was roughly of the same low magnitude as among SLs within the regions (Bulgaria and Austria, respectively).
The matrices of genetic distances (Nei's 1978 D, and modified Rogers' distances) between Bulgarian SLs and the ranges of pairwise distances with the re-calculated Austrian SLs are given in Table 6 . The genetic relationships of brown hares from the eight Bulgarian SLs and the 20 Austrian SLs are summarized by an unrooted Wagner dendrogram based on Rogers' (1972) distances in Fig. 2 . The rooted UPGMA cluster yielded essentially the same pattern of differentiation.
Discussion
The present study revealed only a slightly increased level of allozymic diversity in brown hares from Bulgaria as compared to large areas of central Europe. This is indicated by the significant differences of expected heterozygosity (H e ) and Shannnon Weaver diversity (H'). However, SL-specific rates of polymorphism and average numbers of alleles per locus (A) do not differ significantly between Bulgaria anc central Europe (Austria). The overall rate of polymorphism (99 % criterion; calculated over all specimens combined from the SLs from Bulgaria and Austria, resoectively) amounts to 22% in Bulgaria and to 24% in Austria, with inclusion of the fi-Gal locus. The marginally but significantly increased level of genetic diversity in the Bulgarian hares is basically due to increased heterozygosities at the Pgd and Mpi loci (Table 3) .
The lack of a raised rate of polymorphism in Bulgaria is due to the absence of any new polymorphic locus as compared to central Europe, and the absence of polymorphism at the Mor-2 locus in Bulgarian hares. This locus exhibits two alleles (.Mor-2 100 , Mor-2 79 ) in some local populations from western and southern Austria
79
anc from one locality in Hungary, with generally low frequencies of the Mor-2 allele (Hartl et al. 1990 (Hartl et al. , 1994 . In Poland, the Mor-2 79 allele is obviously distributed over large areas, but also only at low frequencies . According to unpublished data (F. Suchentrunk, in prep.) with the above reported pattern of distribution of the Mor-2 ' , is in accordance with the hypothesis that central European gene pools of brown hares may have been exjosed to gene flow from regions outside of southeastern Europe. It is not likely th£t alleles at several loci have evolved within the short time of (re-)colonization of certral Europe. Even if evolution of these alleles in central European populations is assumed, one might expect that these alleles would be distributed more locally, and Generally, a low level of partitioning of relative genetic variability is indicated by he pairwise F ST values among the geograpahical samples in Bulgaria. The Stara Plmina mountain range (Balkan) apparently has no influence on the distribution of genetic variants. The low level of geographic partitioning of the gene pool of Bu garian hares conforms to the little genetic differentiation found already in central European brown hares; it might be partly due to intensive transfers of hares (500-1000 hares, two to three times per year between 1970 and 1980, particularly from eastern to western regions in Bulgaria). The hierarchical F-statistics demonstrates an only small effect of long geographical distances on the distribution of genetic diversity between central and southeastern Europe: less than four percent of the relative genetic diversity was partitioned between central and southeastern Europe, and about the same amount of genetic diversity was due to partitioning among local samples within the two regions. Accordingly, little absolute genetic differentiation occurred among regional and inter-regional samples from Bulgaria and central Europe (Table 6 ; cf also Hartl et al. 1990 Hartl et al. , 1992 . This implies considerable gene flow across long geographical distances leading to a rather panmictic network of local populations; it also suggests that the absence of new common alleles in the Bulgarian brown hares is due to the lack of such new common alleles in various southern and southeastern parts of the distributional range of brown hares. Despite the general picture of a high level of gene flow over long geographic distances, there is a tendency of a shallow gene pool divergence between local populations of southeastern (Bulgarian) and central (Austrian) European brown hares (Fig. 2) . This might be partly produced by gene flow to central Europe from other regions than southeastern Europe (see Taberlet et al. 1998 for a portrayal of immigration routes of plants and animals into central Europe). Further studies of brown hare populations from northwestern, southwestern and southern European regions, together with mtDNA RFLPs (as indicated by the study of Perez-Suarez et al. 1994) could provide tests for the hypothesis that different glacial refuges might have functioned as source populations for gene flow to the extant gene pool of central European brown hares.
